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SUMMARY 


This report covers the results of 35 tests of cylindrical 
mild steel specimens under conditions of varying biaxial stress 
ratio and temperature. Behavior of test specimens is reported in 
the form of per cent elongation, per cent reduction in area, true 
end nominal fracture stresses, type of fracture, and temperature at 
fracture. Fracture data are plotted to permit derivation of the 
failure curve for the specimens tested under conditions of varying 


stress ratio and temperature. 
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SN LMA TEN 

On the basis of the procedures and results outlined in reference (1), 
this thesis was originally intended to develop the exact conditions of 
biaxial stress and temperature under which the normallv ductile behavior 
of mild steel became brittle. i.e., the steel showed abnormally low 
per cent elongation and failure stresses, and failed by the distinct- 
ive cleavage fracture. It was honed ther®by to develop information 
as to the brittle behavior of shiv's steel under conditions of stress 
approximating those found in welded ship's structures. 

Test procedure was arranged to permit taking data on the three 
criterie of brittle behavior: ductility (per cent elongation), stresses 
at failure, and type of fracture. Failure temperature, of course, was 
included in data taken. 

It was further desired to verify the validity of the extension of 
the Hencky-von Misés theory of yielding to the failure of cylindrical 
specimens under conditions of biaxial stress. as mentioned in references 
(1) ana (5). 

The first low temperature tests indicated that. as was suspected 
from research, hrittle behavior of the specimens was not to be attsined 
at the temperatures attainable by use of solid CO... It was therefore 
Rei ded to mntinue testing at low temperatures in order 1) to 
ascertain the effect of temperature on the behavior of the specimens, 

2) to develop, if vossible, a means of predicting the failure of mild 


steel under conditions of biaxial stress. 
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Procedure 

The procedure outlined in reference (1) was followed except 
ase modified below. 

The specimens oBtained were 2,275 inch outside dismeter, nominal 
0.120 inch wall thickness mild steel seamless tubes 18 inchee in 
length, 

The specimens were annealed prior to machining by heating to 
1650°F and held at that temperature for thirty minutes. Since the 
annealing furnace was not long enough to accomodate the entire 
specimen, the specimen was then reverged and the same procedure as 
outlined above followed. ‘The specimen wes then allowed to cool in 
the furnace. To avoid rapid cooling of the end protruding from the 
furnace, an asbestos filled box was made to enclose this portinan of 
the pipe and in effect, extend the length of the furnace. Pipes 
number 24, 33, 36,and 37 were not annealed. The annealing process 
forms a hard, black scale on the specimen. Machining is facilitated 
if this scale is chipped off prior to plackng the specimen in the 
_ lathe, 

The specimen wes then pleced in the lathe using either a three 
jaw or four jaw chuck and aligned. A three of four inch section 
was then machined five inches from the free end of the pipe to form 
e surface for a steady rest. 

After securing the steady rest, the specimen was bored over the 
middle five inch length until a smooth, round surface was abtained. 
The depth of cut wae noted so thet it would be possible to obtain 
any desired wall thickness in the test section. 

The steady rest was then removed and the outside of the specimen 


machined as shown in plate 52. ‘Jt was found that support was not 
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needed at the free end of the specimen if light cuts (0.010" and 
below) were used. Due to the atted capacity of the hydraulic 

pump of the test apparatus, the wall thickness of specimens was 

varied with the stress ratio desired. The wall thickness varied 

from 0.050" to 0.100", 

<riat machining, the specimens were marked with two gage 
lengths two inches long on opposite sides of the test section. 
The pipe was then measured to determine the outside diameter and 
wall thickness of the four inch test section. Six readings were 
made to determine the outside diameter: at each end and at the 
center of the four inch test section in planes 90 degrees apart. 
Twelve readings were made to determine the wall thickness! at 
each end and at the center of the test section in four locations 
spaced 90 degrees around the pipe. 

The latter measurements were made on a special micrometer 
built for this purpose ad shown disgramatically in plate 51, 
The test circuit is to insure that the specimen's inner wall 
is contacting the center contact of the micrometer arm. The 
feeler completes the circuit when the switch is in the test 
position, 

The average outside diameter and wall thickness are used to 
obtain the average inside diameter of the test peek tact 

To decrease the time lag between tests, en@ additional set of 
plugs, wedges, and pressure cups was made. The second set of plugs 
was meade slightly larger in diameter than the original set since 
the variation of inside diameter of the specimens was too wide to 


allow a tight fit using the original plugs. 
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Plugs were forced into the specimens using the Tinius-Olsen ; 
tensile machine. This was done to make possible the assembly of 
one specimen while another was in the Baldwintimery machine hiliae’ 
cooled, 

Before the specimen was mounted in the Beldwin-Zmery machine, 
the collars were turned tight. This procedure is much easier than 
turning the collers tight after the specimen is in the tensile 
machine. 

Strain gages were not used in this iiventiantion since we 
were concerned with the aonditions at failure of the -spacinens. 

The refrigeration system was altered to reduge the length 
of ducting in an attempt to reach lower temperatures than those 
obtained with the original system. Towards this end, the specimen 
box was mounted directly to the outlet flange of the refrigerator 
box. The remaining ducting and the specimen box were wrapped with 
rock wool batting and a canvas covering. A baffle was fitted in 
each half of the specimen box to reduce the air space in the box. 
To obtain the lowest temperatures (-10 F and below} dry ice was 
placed in the specimen box after surrounding the specimen with 
wide mesh wire screen to prevent direct contact between the dry 
ice and the specimen. 

The capacity of the reservoir on the hydraulic pump wes in- 
creased by fastening a one quart can to the filling hole on the 
pump reservoir. It was then unnecessary to refill the pump 


during the conduct of a test. 
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ly Plates 1 through 34, Appendix I, set forth the data concerning 
the original dimensions, fracture conditions and final dimensions 
cf each specimen tested. Tests § and 24 were unsuccessful: the 
former because of the failure of a collar, the latter beceuse 
after axial failure had occurred the tensile machine was inadver= 
tantly left on, and a second, circumferential, failure resulted, 
thus invalidating test results. True fracture stresses were de- 

termined after testing by measuring the outside diameter and wall 

thickness of the specimen and using these dimensions and tensile 

and pressure load at failure, calculating o,, O%, and o. 

2. Plates 35 through 38, Appendix I, set forth the comparative 
data for each specimen tested, excluding tests & and 24, The data 
4s arranged, it will be noted, according to stress ratio in order 
of decreasing failure temperature. 

3. Plate 39, Appendix I, is a plot of true fracture stresses 
for each test completed. Data from the reports of other exper-~ 
imenters are included , as noted on the plot. The broken line 
wes derived from the average of fracture stresses at Hel, 2, 3, 
and 4, excluding data from test 5 and the other experimenters. 

The solid line was derived from the average of fracture stresses 
at n= 1, 2, 3, and 4, excluding stresses for those specimens 
whose inside finish was not either “smooth" or “fairly smooth", 

4, Plate 40, Appendix I, is a plot of true octahedral shear 


stress at failure, including data from other experimenters. The 


broken line was derived by averaging { 's for f= 1, & 3. and:4, 
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excluding the data taken from sk Veanlte of other researchers. The 
solid line was similarly derived, vena that only data from specimens 
whose inside finish was "smooth" or "fairly smooth" were used. 

oie Plate 41 shows the spots of plot 40 with symbols added to describe 
the inner finish of specimens noted in plates %5 through 78 os inferior 
to fairly smooth", 

Ss Plates: 42: through 47, Appendix II, are plots of true fracture 
stresses according to feilure temperatures, upon which has been super- 
jmposed the solid line of plate 39, denies @s indicated in paragraph 
3 above. 

{- Plate 48, Appendix TI, combines three plots. The first of these is 
the solid line of plate 39 extended to the vertical axis, then reflected 
to cover that: part of the plot between n=0 and i=1. The second line 
(broken) is the Hencky-Von Mises parabola for Tn=40,000psi, and the 
third line, also broken, is a circular arc whose equation is Wa,'+G&* = 
105,000 psi. 

8. Plate 49, Appendix TI, is the solid line of plate UO, upon which ; 
has been supermiposed the straight line 7 =40,000 psi snd the curved 


line corresponding to the circular arc ¥G+%=105,000 psi in plate 4g. 
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Discussion of Results 
1, Plates 39 and 40 show plots of all tests conducted, together 
with results taken from the reports of other researchers. It will 
be noted that though the spots show a pronounced scatter, those 
which have been celculated from test results do not show more scatter 
than those taken from the literature. The scatter of voints can be 
attributed to several factors: the discussion that follows will 
elaborate on possible causes of the variation in failure stresses. 

The condition of restraint of the test section ig a possible 
cause of varying results, Should the specimen be mounted detedte tank: 
ly in the tensile machine, bending of the specimen would result. 

Such a condition was possible in this series of tests since the test 
section was not always perfectly concentric with the ends of the 
specimen because of its not being peefectly round as received. 

Another possible cause of vending is variation in wall thick 
ness arcund the circumference of the specimen. Such a variation 
would result in @ non-uniform stress distribution and consequently 
bending of the specimen. 

That there was in fact little bending in the specimens is indicated 
by the fact that in no case did after-fracture measurements of gage 
marks on opposite sides of the test section differ appreciably. It 
is therefore concluded that there was insufficient bending in test 
specimens to affect failure stresses materially. 

Stress concentrations resulting from abrupt changes in wall 
thickness can very definitely affect specimen behavior. In machining 
the specimens, an attempt was made to provide a transition wherever 
there was a change in wall thickness. In eight tests (1, 5, 7, 12, 1%. 


22, 25. and 30) the specimen failed within one-quarter inch of a test 
section end. One might at first glance conclude that these failures 
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were the result of a stress concentration at the end of the test. 
section. Close inepection of the initial dimensions of the test 
section of each specimen, however, revealed that in every case the 
location of the teanhite was at the point of minimum wall thick- 
ness. In test number 7 there was a definite tool mark on the in- 
ner surface of thetest section. It is felt that this discontin- 
uity caused the 55% cleavage fracture which occurred, apparently 
the only failure which resulted from a stress concentration.. 

Another variable in testing was the surface finish of the 
specimens, In general the outer surfaces of the test sections 
were finished smooth, and showed little variation from specimen 
to specimen, The inner surfaces of the test sections, however, 
showed marked differences in finish, in spite of careful machining. 
The inner surface of each specimen had to be bored in order to in- 
sure @ uniform wall thickness, but as @ consequence of the shape of 
the es the "blind" nature of the operation, and the limitations 
of the equipment available, it was impossible to insure a smooth in- 
side finish in manv cases. Lack fof internal grinding equipment made 
it difficult to eliminate the tool chatter marks which frequently re- 
sulted from the light finishing cuts, end in anv case it was extremely 
difficult to eliminate tool chatter once it began, 

As will be noted on plates 35 through 38, 14 specimens have in- 
ternal surfaces rated worse than "fairly smooth". Of these ll, only 
four points fall above the average of all test points on pages 39 
and 40. This would indicate that the finish of a specimen as a first- 
order effect on its strength, For this reason two curves are shown on 


plates 39 and 40. The dashed curve is the average of all test points, 
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whereas the solid curve is the average of all specimens having @ 
“fairly smooth" or "smooth" inner surface. On vlate 40 both curves 
show the seme trend, a fact which shows that even the rough specimens 
fail at progressively higher octrahedral shear stresses as 11 increases, 
It is felt that the solid curve is ‘the more accurate representation of 
the failure of cylindrical specimens of mild steel under the conditions 
of. these tests. 

The temperature of failure seems to have little or no effect on 
the failure of the specimens tested, either as regards per cent ion 
ition or failure stresses, This is evidently the result of the fact 
that the minimum temperature attainable with the refrigeration system 
operating with solid 60, is much above the transition temperature for 
mild steel tested under conditions of biaxial stress. The transition 
temperature for any testing procedure, of course, is a function of thet 
procedure as well as the properties of the material tested. 

It should be mentioned that the temperature of the specimens 
changing continuously during the test period, the change in tempera- 
ture from beginning to end of a test being in the neighborhood of ten 
degrees F. This was the result of the pumping of hydraulic oil at 
atmospheric temperature into the specimen to maintain pressure as the 
specimen yielded under test stresses. Tt was necessary under these 
conditions to begin a test with the specimen at a temperature ten de- 
grees below that desired at failure. It is believed that this tempera- 
ture chenge had no effect beyond that of causing some difficulty in pre- 
dicting exact failure temperature as may be noted in plates %5 through 
38. 

No variation in failure stresses results from verving wall thickness, 
as may be seen from plates 35 through 38. B. A. Davis, in reference (6) 


reports that there is no apparent size effect in his tests of specimens 
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of a type similar to that used in nee tests. 

Only four specimens were not annealed in this series. Two of the 
specimens failed at stresses above the average of all teets and the re- 
maining two failed below this average. Althaegh insufficient tests were 
performed to allow a. definite statement on the mattér, the results of 
these four tests, together with those reported in reference (5), of 
which there were five, indicate that annealing does not greatly improve 
the failure properties of mild steel when tested under conditions of bi- 
axial stress and low temperature. As noted in reference (4) any residual 
stresses present in Yuk breeds at the beginning of a test are relieved 
vy plastic flow long before failure occurs;, since the main result of an- 
neeling, according to the same source, is, in the case of unwelded steel, 
stress relief, it is to be expected that unannealed specimens would be- 
have substantially the same as those which had been annealed, 

A fimal factor reméins which materially affects failure stresses: 
that of differences in the steel of the specimens. During the vrocess 
of machining, hard spots were often encountered in the walls of the tubing. 
These hard spots were an indication of non-uniformity in the specimens; 
it is rether unlikely thet specimens, machined from unselected, run-of- 
the-mill seamless steel tubing, would be uniform in either chemical com- 
position or microstructure. For this reason it is felt that the differ- 
ences of the specimens as regards structurs and composition exercised a 
strong influence on feilure stresses, and it is regretted that time did 
not vermit a studv of tested specimens from the noint of view of their 
microstructure. 

It is not easy to ninpoint the exact reasons for the peter in test 
results. bvut from the discussion above it apjears that the vrimary reasons 


for this difference must be l)..the differences of individual specimens in 
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structure and composition and 2) the quality of the finish of the inner 
surface of the test section of each specimen. The other factors men- 
tioned above seem to have had a second-order effect if any at all on 
the behavior of specimens. All things considered, it is most en- 
couraging that test results compared as well as they did with those 
attained by others who had more elaborate facilities at their disposal. 
me Three cleavage fractures were obtained, Test number 7, as noted 
above, showed a 55% cleavage fracture, which was apparently the result 
of a tool mark which measured 0.008" deep after failure. This tool 
mark constituted a stress raiser which, combined with the low tetpereture 
at failure, led to the distinctive cleavave fracture. The specimen in 
test number 22 failed with 60% cleavage. Tn this case there is no 
evidence of a tool mark, though the inner surface is noted as "rough", 
Probably the cleavage fracture is the result of three factors acting 
together: The chemical composition and microstructure of the material 
of the specimen, its inner finish, and the rapidity with which the rup- 
ture propagated once it waw initiated. The fact that the specimen ~eas 
not annealed is not considered significant in the light of the behavior 
of the three remaining unannealed spetimens. It should be noted that 
test number l6, conducted under like conditions of & and temperature, 
ended in shear failure; the inner finish in this cgse is noted as 
"fairly smooth". The same reasoning may be applied to the 5% cleavage 
fracture of test number 6 as set forth for test 22; The specimen of 
test number 6 had a “fairly rough" inner surface. 
Tt is significant that all three specimens which failed with cleav- 

age fracture showed no appreciable reduction in either per cent elonga- 


tion.or failure stresses; test 6 and 22 had failure stresses 
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above the average, while the spectnen in test 7 failed at stresses : 
gomewhat below the average. This illustrates the well-known: fact that 
a material such as ntent may fail in @ mannner characteristic of 
brittle substances (cleavage fracture) while exhibiting normal anintd ia 
| Helayior prior to failure. | 
5. Tt will be meted that true stresses at failure are used in 
plotting the spots of nletes 39 and 40. These stresses, eoigptbed as 
noted above in the Results Section, are commonly used as being the most 
accurate repeenebrctiGon of the behavior of the specimen at the moment of 
rupture. As an inspection of nlate 4O will show, the true octahedral 
shear stress plot affords the clearest picture of the behavior of test 
specimens as fh increases, and therefore, is the most significant nlot. 
On both vlates 39 and 40, the curves vassed Lorene the average failure 
stresses are not extended beyond the stress ratios actually covered by 
these tests. Above the stress ratio of 4.5, of course, there is no in- 
_formetion available so far as the authors heve been able ‘“ ascertain. 
Tt is reasonable to suspect, however, that there is an inflection noint 
in the curve of ] in the vicinity of 8=4.5. Wor stress ratios of less 
than 0,90 there are data available, but points are so few and scattered 
as to make plotting of the er of failure impossible. Tt is for this 
reason that vlate 40 has been plotted on a scale which allows so little 
space between the n=O and i=l abscissae, From the points plotted on 
plate 39 at stress ratios near zer6, however, it seems apparent that 
the steel is anisotropic, for: the few points that are available show 
a@ marked reduction in the largest fracture stress when ore is larger than 
G, + The line of failure, therefore, in the range 0 £74) should ereatly 


differ from that in the range of testing 1@i*4.5. Confirmation of this 
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conclusion, of course, awaits Lather testing. 
Plate 40 clearly indicates that the Hencky-Von Mises (constant 
octahedral shear stress) theory of failure does not predict the be- 
havior of specimens at true stress ratios above about 2.0 Plate 39 
indicates that the maximum normal stress criterion also fails to pre- 
dict failure, References (1) end (5), on the basis of more limited 
testing, advanced the Hencky-Von Mises theory as adequately pre- 
dicting the failure of specimens of this type under conditions of bi- 
axial stress. 
4, Plate 4g is plotted on the assumption that mild steel behaves 
isotropically. This assumption is subject to serious doubt as noted 
aaa’ therefore the curves of plate 4g are presented as a matter of 
interest only. It will be noted that the Hencky-Von Mises parabola 
does not conform at ‘all closely to the curve extrapolated from ex- 
perimental data. This situation is not unexpected from the plot of 
plate 39, of course. The circular arc, on the other hand, closely 
approximates the experimental curve; it may well be the curve of 
failure for steel tested as in this thesis, though only further test- 
ing will pvositively demonstrate this hypothesis. Certainly the circular 
arc shows good agreement in the area covered by testing. 
Plate 49 embodies the plots of TZ and fi which correspond to those 

of GO; end @ in plate 43. The same trends are shown as inplate 4g. 

Tt should be noted that the experimental curve of this plate is not the 
same as that in plate 40; it is believed that this difference is due to 
the fact thet T is calculated from a quadratic equation while 6, and Ot 
are taken directly from test data, The difference in any case is less 


than 4%, 
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CONCIUSTONS 

nS Insofar as the mild steel cylindrical svecimen reproduces the 
stress distribution present in elements of a shiv's structure, 
results of these tests indicate that a combination of biaxial stress 
and low temperature-down to a temperature of -50°¥-will not by itself 
result in brittle behavior. | 

zi ™T the temperature range 0° to -50° ¥, temperature by itself has 
no discernible effect on failure stresses, per cent elongation. or 
type of failure. 

3. Tre Hencky-vonMises (constant octahedral shear stress) theory of 
vielding cannot be extended to include the fracture of mild steel 
cylinders, especially at stress ratios above 2.0. 

4, True octahedral shear stress increases non-linearly with increase 
in true stress ratio. The curve which has the equation VO + C= 105,000 
psi closely approximates the results of voor: 

ae Stress concentration, coupled with low temperature and biaxial 
stressing, may lead to cleavage fracture. 

6. Cleavage fracture may occur when steel shows normal failure stresses 
and per cent elongation; it is not by itself prima facie evidence of 
brittle behavior. Brittle behavior is characterized by low ver cent 
elongation and abnormally small failure stresses in addition to 
cleavage fracture. 

Ts Roughness of specimen finish has a first order effect om strength, 
causing a measurable decrease in 4 which is.more vronounced at higher 
values of i, 

8. There is no appreciable size effect so far as specimen wall 


thickness is concerned. 
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9. Heat treatment apparently does not increase the ultimate strength 
of mild steel under the conditions of this type of testing. 

10. The normal shear fracture is to be exnected, in the absence of 
undue stress concentrations, in mild steel cylinders tested at stress 
ratios from 1 to 4, at temperatures down to -50° F. 

ak Regardless of the failure criterion edopted, it may be exvected 
that run-of-the-mill mild steel will fail at stresses as much es 15% 
above or helow those predicted. as a tesult of variation in surface 


finish, chemical composition, and microstructure of the steel, 
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Recommendations 
1. Ih is felt that: there is mich-work left to be done in. the ares 
of this thesis. The literature reveals that very few tests have been 
conducted with a view to determining the effect of biaxial strees on 
the failure of mild steel, particularly at higher stress retios. 
ei Were the authors to continue their researches, the following 
changes would be made in procedure, providing time md material 


available permitted: 


a. Specimens would be finished by grinding, especially 
internally. 
bd. Low-temperature testing would be discontinued in 


favor of testing at room temperature. 

e. A high-capactty mechanical pumping system would 
replace the present manual system, 

d. Testing would vroceed at the higher stress ratios 
(a >4) to amplify and confirm deta already gathered, so 
as to complete the locus of failures for stress ratios 
greater than 1. 

e. Time vermitting, the test setup would be modified 
to allow testing at stress ratios below 1, in order to 
obtain: further Lafomsstion on the locus of failures and 
the anisotropy of specimen material. 

fi Personnel permitting, data on yield point would be 
taken in an attempt to verify current theories of yielding. 
This would involve the use of a clip type strain gage as 
explained in reference (4) or some type of mechanical 


strain gaging or photogrid. 
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TEST HESULTS AT FAILURE 
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® Diameter obtained from girth of specimen after failure. 
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TEST RESULTS AT FAILURE 
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TEST RESULTS AT FAILURE 
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TEST RESULTS AT FAILURE 
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TEST RESULTS AT FAILURE 
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Pulled at n = 1 until pressure equaled 23,500 lbs and then 


increased tension to failure. 
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TEST RESULTS AT FAILURE 
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Internal wall had a tool notch 0.008" in depth at 
the apparent commencement of the failure. 
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eee oe INITIAL | FINAL 


Bee 
Ht 0.088 


ain. 
aa ae 


PIATE 11 


| re 
Pw hel> VCeen 


sre *% Fu WIRS . he 


ee in on eg MB 


Lf atar® > ie ital 


PIPE NO, 10 TEST NO. 13 AMBIENT TEMP 72 °y STRESS RATIO 3:1 


eae INITIAL | FINAL 
as | 0 Se 


BYD. PRESS 
lbs 


: 


TEST RESULTS AT FAILURE 


% Reduction in Aree 25.5 __ 64,800 pet 
% Elongation a2 eae 2 eeb iy. pet 
Type Failure Shake. es oe ee Ae Be 


Failure Temp. °F 3.0 
a 
: a ee 


REMARKS: 


PA MAA DD pot 
a 
nm 
8 
x 
= 


PLATE 12 


‘ 


, beet, mn , r “amg 
ae es ae «a rial f wv a oo8 > i ag eR nae): bran aly O56 84—.0g. 


: , a a i ore . Hee .< iy ae 1, ach Ay wns a ; 
. j : , , ) Ys ts 
——s nq .— ‘~ , A 


a en 
i 


bik i 


ritge 


gc ax Mera S 


gwrdval a ae P i 
ort Tagan 1. 
piTiAt' 25 
s uiew © ban 


T1425 


PIPE NO. 19 TESST NO. 14 AMBIENT TEMP 75 °F STRESS RATIO 23] 


Cie [rr 
gor [O-07T] 0-077 0.071 ieee 0,062 
igo? LO-Of/| 0.077 [0.0/7 | 
0° 
iso” [2679 
goz27o" [2.79 


: 


O.D. 


E 


TEST DATA 


TEMP 


Lae) 
ON 
fod Lael ba 
313 

Sle 


ae) mM 
eltat=! 
8\8|s 


; 
id 


TEST RESULTS AT FAILURE 


% Reducticn in Aree. 19,2 Sa 16.200 pei 

% Elongation 25.8 CE %6,400 = 
Type Failure Shear fy 1,120 pei 
Failure Temp. °F -28.2 Beh) 08 192 Y600 | pat 

a batt Jeg ee ete Daa fi pei 

+ 1,92 bre sinare: &5 b, * 

7a 38,500 ss psi 

REMARKS : 


PLATE 13 


f tras ail 


oe ei: 
iis 


vas enittc2) if 


oe 


in $44 


fice 


Tie 


PIPE NO. 9 TEST RO. 15 AMBIENT TEMP 7h F STRESS RATIO 2:1 


qe INITIAL FINAL 


liprr | cEeNTEE 
0.067 | ee: a A eae ie 
e 902270° 2.806 
TEST DATA 
ENSION HYD. PRES 
ie 
ee 490 (st -S0G0 | 
meeoos> =| 18000. | 
a as 
i aaa 
eters 
i eae 
ir Rae 
i aes 
_. ae a 
Sa aaa 
BREAK DATA 


31250 


SU00 


TEST RESULTS AT FAILURE 


% Reducticn in Aree 1Z.6 Oe be Ppp | pet 
& Elongation 17.9 oR OR a 
Type Failure a). eee a» La 
Failure Temp. °F ~18,2 Sa te 7a. | 
n SC 2 ene 5 eal 6 Oc ea 
. psi 
sf pe TE SCRA ~ 875 psi 
ufo an OOOG 2: pei 


REMARKS : 


PLATE 14 


PIPE NO. 1 TEST NO. 16 AMBIENT TEMP 74 °F STRESS RATIO 23) 


{ENS Sj t 
aaa FINAL 
Ler 


| canrer | Rian 
10.073 | 0.062 
10.077] 0.075 [0.076 | 0.06% 


| 0.073 | | 0.062 | 


es7o00 | 20000. 


TEST RESULTS AT FAILURE 


% Reduction in Aree 17.6 or 

&% Elongation 10.1 Ct 
Type Failure Shear oy 
Failure Temp. °F =40,7 Sa 

n 2.16 t 

m SE aS alee 5 

‘fn 

REMARKS : 


ioe INITIAL FINAL 
nee ery * es ee 


PLATE 15 


oe a= rtm | ayant poe rp ee i re an hw 
7 > @ ! 
i A Sat i. oT 


bak & a a 
i we 7 
4 


aie 


PIPE WO. 15 TsST NO. 17 AMBIENT TEMP _70 3 STRESS RATIO.) 


Pees a INITIAL FINAL 
Po Rae WP See 
: | Oo, ugh | 


O.D. 02180" 


g0=270" - 


TEST DATA 
rae egg 
agg |. ogg | 
hemogo:. . | . 5000 | ] 
ES a ae 
meeeoeo |. 7000. 5) 
eage70 S| 6000. | 
meee... | 9000. | 
eee 
ee | 
_ es aaa 
a Eas 
a Se 
a oe 
Ee ey, 
. a ae 
a ee 
ee 
eee 
eecce ee 


td 
4 
& 
] 


0000 000 


TEST RESULTS AT FAILURE 


% Reduction in Aree 25k Sa 69,500 pei 
% Elongation 35.9 ft 17,030 pel 

Type Failure Shear iy 4B6 psi 
Failure Temp. °F “8.3 Sa 93,000 psi 
a ape eS, A eae pei 
Ei NN tg i I bla, pe "| RS Ss" 
vac 39,500 ss ps 


REMARKS: 


PLATE 16 


— 


oo ~--— Wing Sanat 
> 


: ' . 7 : . : 9 
">on o~ — , rT - “Fe as 7 
AD et ae a eer Bee: EP '-natabel 
ee Sa. ea 
= ) ye 9 7? ‘ ix id ‘ie 7 rT 7 ee hae 
i ' » - ‘4 
See y Seren Ps | . 
' 7 } ad } ‘ 
A 6 r ) - a n . * 
la co. = we 
6 i; ? t oe 
} PAY 2 ni \ : r “ rt 
j ' ne 
' ' Ae otal 


PIPE NO.) TEST NO. 18 AMBIENT TEMP 72 “F STRESS RATIO 43) 


a ay INITIAL FINAL 
a EERIE 


TEST DATA 
ENSION 

fe EEL 

000 


HYD. PRES 


Es 

2 ee 

i as 

2 LOR 

H- 

25730 

a a 

| 51hho 11000 

Peapeeo. | leno 
| 37120 | 13000 

meges0 | 14000 

i Pas 

i BS 

ee ae 

a Pa 

. a 

Sr 

a 


TEST RESULTS AT FAILURE 


% Reduction in Aree 26.2 ory 71,400 pad 

% Elongation 20,3 oT 23,150 ped 
Type Failure Shear a €80 psi 
Failure Temp. °F -23,2 ; Sa 96, 100 pat 

a 3.08 a ee, 8 ee psi 

be 3.2 * aad.) SE psi 

. bet 39,900 psi 

REMARKS : 


PLATE 17 


ey hos ae MBs ee 
a = “ee 6d4 oom ~~ — ia 
Ad a4 ” ¥ sae", " i¢ 
wwita® oc yop’ - 


1. ae? 


PIPE NO. 6 TEST NO._19 ~~ AMBIENT TEMP 70 F STRESS RATIO__ he] 


APMITTELE | PIRAL 

Lime | carer larg | 
o° [0.08%] 0.08% 
0.080 


ie: INITIAL FINAL 


oe 
Ace 


Wi ies 2 a 


“a5 


TEM 


? 


e 


ENSION paar oe TIME mv 
cat 


47250 


TEST RESULTS AT FAILURE 


% Reducticn in Ares. 3 or 77,000 ned 


& Elongstion 36.0 St 18,620 psi 
Type Failure hear ye ae |) 
Failure Temp. °F en Sa ao Tv pst 
a . Bi 2 2850 pst 
bef 5 *F AS psi 

Th 4g, 900 pei 
REMARKS 
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PIPE NO. 23 TEST NO. 20. AMBIENT TEMP 66 F STRESS RATIO. 221 


FINAL A ees INITIAL FINAL 


nego tn | 26669 he. BgL 
hey ocean 
i ee ee 
epeg 6 | 0.515." eos 


10,064 | 6,068 | 
‘sn* {01064 [0.067 [0.068 
St eeeol 2.603 {2.805 


o+270° 2.80 
TEST DATA 

ENSION FYD, PRESS TIME TENP 
iasce | #000] To 0,06 | 66 
a aie ed 
fay 
[iseho | 11000 Lat at 
ee 
| 22200 | 13000 - HORERIS 
ee ee ae 
27540 [T6000 ee 
pegs 00 ar) 
See 
. 
a ae 
_ J Pee 
__., J ee 
a aa Se 
Sa = 


msis00 | 18000 


TEST KESULTS AT FAILURE 


4 Recducticn in Aree 24.4 Og 721,300 ped 

% Elongation 14.8 oe 34,650 pet 
Type Failure Shear a £75 pei 
Failure Temp. i.) -1,0 Sa 94,900 pst 

a 2.00 heh ean AG cr pei 

f MINE) EA ph eee TOME Y 

a 202 RENO pad 

REMARKS: 


PLATE 19 


ie Re 
Sai tons i u Na 
3 eu, AF \+° 20a i 

eT srw, ae im 


vy 
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PIPE NO, i TEST NO. 21 


BREAK DATA 


41000 15000 


TEST RESULTS AT FAILURE 


AMBIENT TEMP 65 °F 


FINAL 


x Reducticn in Aree 20.0 
% Elongation 20.3 
Type Feilure Shear 
Failure Temp. °F =34.5 
a re 39 
fi 3,10 


REMARKS : 


WPA A 


STRESS RATIO__3t] 


FINAL 
| ave, tp. | 2.639 | 2.58% | 
Petree ae | 0.060 _ 
ea eee 


PLATE 20 


't 


é.. 
~~ 


aah Py 
“OW 
oie 


PIPE NO. 24 TEST NO. 22 AMBIENT TEMP 67 ‘F 


DI MENS 7 OX a Ua 


_ 
¥ 
‘ 


© 


° 
° 


TEST DATA 

NSION | HYD. PRE 
a a 
ee a 


1226595. .1 10000 
11000 
l 
0 
000 
000 
Z000 


19505 
OE 
mem} 15000 I 
| 25725 | 16000 | 
mieeeO. | ~17000) | 
a 
. a 
| J 
_.. SE Ee 
SJ eee 
. _ jae 

BREAK LATA 


| 33000 | 20000 


TEST RESULTS AT FAILURE 


o 


% Reducticn in Ares. 19,3 


@ Elongation 
Type Failure 
Failure Temp. °F 


REMARK $ : 


Specimen not 


annealed 


() 
ae See FINAL 
| 0.064 | 


| 0.064 {0.063 | 0.052 
0.066] 0.065 [0.065 | 0.0h7 | 
10,0611 0,061 [0,060 | 


é 06 pO | 0,048 
[0.062] 0.061 10.059 | 0.053 | 


Og 


BA op etigst 2) oS) 


TEMP 


STRESS RATIO. 23), 


gs INITIAL FINAL 


g is a OF RS 
267491 2,750 | 


PLATE 21 


“on sarge 
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a | 

fed 
Pe 

iG Ga 
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Forrest ah tt ee 
I ; 
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PIPE NO, 26 TESST NO. 23 AMBIENT TEMP 68 i STRESS RATIO. 2) 


Lrmitrant | FINAL 
Liner | canter [price 

iy a 
Ht te 


ea INITIAL FINAL 


| ave, 1p. | 2-660 | 3.027 | 
Dare. f | 0. aoe 


os a Wie a eo 
| area | 00452 | OMHG | 


160 
~ focosstorosy foros | oso — 
0-18 2-166 | 2-169 12-166 | 3.120 


3 o 
>» actazo" 


TEST DATA 
ENSION HYD. PRESS TIME nv TEMP 
7500013000 — 
[8090 [14000 | 
[8620 [15000 
12050] e000 
[13250 [25000 — 
a ee 
nn 
ia 
a a 
HEE IATA 


TEST RESULTS AT FAILURE 


% Reduction in Aree 0.5 Op 60, 400 ped 

~ Elongstion é 12.5 Ct 57.350 vel 
Type Failure S hear or 1,40 pei 
Failure Temp. °F ~2.2 Sa 100 pat 

ao pa | ae [eee AC 

si SN OL: ee, 4 Pe SaeNs OE 1 Sa psi 

ce oS er 

REMARKS : 


* Diameter ovtained from girth of specimen after failure. 


PLATE 22 
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PIPE NO. 25 TEST NO. 24 AMBIENT TEMP JO F STRESS RATIO J3l 


- opyehit:. 


48 O.O046G 


TEST DATA 
TENSI OW EYD, PRESS ; ny TEMP 
los lobe 


T 12560 | 22000] 
a ms 
| a 
a a 
aes (oe 
an 
as oa 
7 a 
BREAK DATA 

12500 


TEST RESULTS AT FAILURE 


% Reduction in Aree n or 60,200 pei 

& Elongation = GE 57.500 pel 
Type Failure Shear vee 1,020 pei 
Failure Temp. °F =20 Sa - pst 

a 1.05 PB = pet 

fi = z = pai 

n = Bi 

REMARK S$ : : 


Specimen broke in tension alone after inttial fracture 
since load was not removed after initial fracture. Final 
Cimensions are therefore not accurate and age not given. 


PLATE 22 


PIPE WO, 28 TEST NO, 25 AMBIENT TEMP 68 y STRESS RATIO. 232 


ae INITIAL | FINAL 


a AR es 


2.750] 2151 [2-151 | 


22500 


TEST RESULTS AT FAILURE 


% Reduction in Aree 10,4 ory 67,400 pei 

% Elongation 10,9 ot 33,400 Ss pet 
Type Failure Shear sf 2 2 RE 
Failure Temp. °F ~37.0 Sa 75,200 pst 

n 2.02 st 37,600 psi 

bof 220 : °f erie BSR «1! SA psi 

i _ . 29,600 _ psi 

REMARKS: 


PLATE 2h 
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PIPE NO. 27 TEST WO. 26 AMBIENT TEMP Jo °F STRESS RATIO 33} 


eee aS INITIAL FINAL 
| die 6s 1 0,080: | 


TEST DATA 


NSION HYL. PRESS 
lbs 


5868 1-700 — 
eeercys | | 8000 
J 
ee 

: ae 
| Se ae 
J SE ; 
a ee 
i a 
= Bee 
Se Pas 
a Sn Ee 
a a 

BREAK DATA 


Meso | 8000. 


TEST RESULTS AT FAILURE 


% Reduction in Aree 16.95 ory 62,400 pet 

%& Elongation 20.3 i: 20,600 xsi 
Type Failure Shear Sy 390 psi 
Failure Temp. °F -17.2 Sa 74,400 psi 

a 3.02 aay" Ry 

be Fee a ei eae ed 

Th Os pf 

REMARKS: 


Specimen bulged near left end while inserting plpggs but the 


fei lure appeared to be normak. 


PATE 25 


es ie ee FPL a 


}. es ae 


th | r 
ay, <<“ o 


a 


— 
- 4 
=f 

= 


sooo 
| 
! 


Th] 


- + + 2 


veld 4 mr ak 


vr ih y 
ef Mipaetganes. 8 Pe 


toute alo: ; 


l f ; ' 
0) ad? sed wel febeaeedth aha Soe ooo mini begin feitzory) 


gern”. by Se we Piha a\"q 4 i J elie 


y | 


, Bel ay eRe ¥" reo 


PIPE NO. 29 TEST NO. 27 AMBIENT TEMP 67 “F STRESS RATIO 13} 


TEST RESULTS AT FAILURE 


% Reducticn in Aree 8.8 Oa GR 100 pat 
& Elongation 18.7 Shi ee OOO 3 peal 
Type Failure a ROAE = ate es or psi 
Failure Temp. °F -3. Sa 61,000 psi 
n 1,06 “< pei 

r 2 GS ee oP. coe ee Nei tail 
2 34,550 = ps 


REMARKS : 


Diameter obtamed from girth of specimen after failure. 


PLATE 26 


. 
- 
+ 
> 


Neal Milt oh ite ME 24a 
Aca NA Ap ih, be Pd. : 


: 


ee . } b 
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i} ole fee. ss, - resings by 41544 aves sob? § en 
; ; | | 


2 ROA Sant | ‘ | 


TEST NO 


PIPE NO. 30 ues 


PINAL 


AMBIZNT TEMP 69 F 


STRESS RATIO. 13] 


TEST DATA 
ENSION PRESS TIME nv TEMP 
ke a Re A PS 
p30 [15000 
[9050 | 160007 
Ttatbo——} “22000 
[aoso [25000 
[thg00 | 26000] 
[aa Ee 
a 


TEST RESULTS AT FAILURE 


$ Reducticn in Aree. 0,0 Sa 
% Elongation ee Pe e Gt 
Type Failure Shear or 
Failure Temp. °F 723.3 Sa 

n 1 a7 

; a= peut Pe Ge 
Ti 


REMARKS : 


Diameter obtained from girth of 


pei 
a ee 1001 pet 
pei 
psi 
psi 
pei 
psi 


specimen after failure. 
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PIPE NO. 31 TEST NO. 29 AMBIENT TEMP 67 F STRESS RATIO. 2321 


. FINAL 
er_| cenTeR | RIGH 

0.046 [0.051 [0.052 [ 0.039 | 
0.048 10.050 | 0.053 | 0.0K2 
0.049 [0.051 | 0.053 | 0.039 | 
a? [0.050 [0.052 | 0.053 | 0.039 | 
o.p, Oriso? [2-788 [2.788 | 2.788 | 2.784 | 
*?- goz270": [2.790 [2.790 2.178 


HYL. PRESS 


| 
21,650 


TEST RESULTS AT FAILURE 


% Reduction im Aree 21.6 oF 65900 vet 

4 Elongation 1-3 Cy 33, 300 pal 
Type Failure Shear oF 630 psi 
Failure Temp. °F @50.0 Sa $3,800 pst 

n 1,98 st 42700 pei 

fi : Ree ew ie ee ere Wl (yee pei 

ra 4,000 psi 

REMARKS: 


PLATE 28 


PIPE NO. 32 


; # 


app | 0-06h | 0.086. 
10.064 [0.064 | 0. 064 | 


90° 


O° Ssobtt0. 068 [0:9€¢ [0-051 
eee 


0@280° 
90=270° 


TEST DA 
mootyess 15000 | 
20110 | 7000 
8000 
[—25860__| 9000] 
28535 10000 
[_3rHto T1000 
[34500 | 12000 
a ED 
a ee 
ee RRS ae 
rn 
|_| 2 ee 
a 
. J 
a a 
_ a a 
. a a 
11500 


TEST RESULTS AT FAILURE 


% Reduction in Aree 15.2 


% Elongation lug 
Type Failure Shear 
Failure Temp. °F 0,0 
x Ls See eres 
bf ee be! 8 1 ee wee 
REMARKS : 


TEST NO. 30 AMBIENT TEMP JO F 


ol 
66 | 0.057 | 
a 


ne 


STRESS RATIO_ 43}. 


ee INITIAL | FINAL 


ae Vr 
iy ON ae 
verwana e 


TENP 


Oe Fe 000 |. pad 
St me 
Pe a psi 
Sa 84, 800 aa 
St 26 pei 
Sr psi 
fn 35, psi 
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PIPE NO. 33 TEST NO. 31s AMBIZNT TEMP 73 F STRESS RATIO. 131 


TEST RESULTS AT FATWURG 


% Reduct in Aree lat Sa 66,500 ej 
® Bicngstioca ee i 64, 100 pat 
Tyve Failure Shear ! a ees Ss Ee 
Failure temp. °F _=36. Ae tS 

0 10 i. FU ae pet 

7 0.887 Ee 51358 pat 
Th 0,900 pel 


. Diameter obtamed from girth pf specimen after failure. 


Specimen was not annealed. 


PLATE 30 
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as = <2 — rap et a ad Med a = = r s we a 
ee eh AAT ae 5 pa. 
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PIPE NO. 34 TEST NO. 32 AMBIENT TEMP 73. F STRESS RATIO. 19 


ue Ghd INITIAL FINAL 


\ 
. > 
ey RA BAe FE 
(0.4as [0.490 
J 


19.959 [0.058 10.056 10.955 | 

0° 
Se See 
D gohezot [PTS [2.2 [TAT [= 


Area 


BREAK DATA 
15000 27000 


TEST RESULTS AT FAILURE 


% Reduction in Aree Q.0 Sg 59,600 pet 

% Elongation . Cy 59,400 pei 
Type Failure Shear oy 1,310 psi 
Failure Temp. °F 716.3 Sa p12 pei 

a ae * 00 psi 

% yo ee Se cee aes eo 
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REMARKS : 


* Diameter obtained from girth of specimen efter failure. 
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TEST RESULTS AT FAILURE 
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TEST RESULTS AT FAILURE 


% Reduction in Area. 13,4 Sa 12,000 psi 
% Elongation oz. y St. | 25,700 ped 
Type Failure Shear uy 631 pei 
Failure Temp. °F oh1,¢ Sa —« 82,800 psi 
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REMARKS : 
* Specimen did not fail et this point. 


Specimen wags unannealed. 
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‘| stress ratios symbols other experimenters | 
Vet ra * DAVIS + 
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3:1 ay - | 
4:/ Di & FITZGERALD et olf 7 


Note: Numbers denote test number. 
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TYPICAL SPECIMEN 


Note: O.D. & LD. of 4" Test 
Section depend on wall 


Not to scale thickness desired. 
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